The rate of reduction of hexavalent 243 Am due to self-radiolysis was measured across a range of total americium and nitric acid concentrations. These so-called autoreduction rates exhibited zero order kinetics with respect to the concentration of hexavalent americium, and pseudo-first order kinetics with respect to the concentration of total americium. However, the rate constants did vary with nitric acid concentration, resulting in values of 0.0048 ± 0.0003, 0.0075 ± 0.0005, and 0.0054 ± 0.0003 h -1 for 1.0, 3.0, and 6.5 M HNO 3 , respectively. This indicates that reduction is due to reaction of hexavalent americium with the radiolysis products of total americium decay. The concentration changes of Am(III), Am(V) and Am(VI) were determined by UV-vis spectroscopy. The Am(III) molar extinction coefficients are known; however, the unknown values for the Am(V) and Am(VI) absorbances across the range of nitric acid concentrations studied were determined by sensitivity analysis in which mass balance with the known total americium concentration was obtained. The new extinction coefficients and reduction rate constants have been tabulated here. Multi-scale radiation chemical modelling using a reaction set with both known and optimized rate coefficients was employed to achieve excellent agreement with the experimental results, and indicates radiolytically-produced nitrous acid from nitric acid radiolysis, and hydrogen peroxide from water radiolysis are the important reducing agents. Since these species also react with each other, modeling indicated the highest concentrations of these species available for Am(VI) reduction occurred at 3.0 M HNO 3 . This is in agreement with the empirical finding that the highest rate constant for autoreduction occurred at the intermediate acid concentration.
INTRODUCTION
Changes in the electronic structure of metal ions can cause profound changes in their chemical properties. For example, the hydrometallurgical industry exploits these chemical property changes by reducing Cu 2+ , Ni 2+ , Zn 2+ , Cd 2+ , and Al 3+ ions in solution and electrodeposition of the zero valent metals onto insoluble cathodes. [1] [2] [3] In acidic aqueous solutions, the 4f element, lanthanide, metal ions prefer the trivalent oxidation state. Actinide elements exhibit a variety of oxidation state preferences due to the shielding of the outer 5f electrons, resulting in slightly more diffuse valence electron orbitals. This difference is manifest with high oxidation states (IV-VI) being typical for the early actinides. Actinides able to obtain the highest valence states, (i.e., V, or VI ) hydrolyze to form linear dioxo cations in aqueous solution; in this process, the shape of the metal ion changes from a spherical geometry to a linear molecule with two axial oxygen atoms bonded to the metal ion in a trans configuration, in turn altering their charge density. [4] [5] [6] The preferred oxidation state of americium is trivalent in acidic solution. However, the hexavalent state is possible, but is a challenge to reach given the high Am(IV/III) redox couple (2.62 V vs. the saturated calomel electrode, SCE), and also a challenge to maintain since it is thermodynamically and radiolytically unstable. 7 Understanding the mechanisms which result in its redox instability are paramount to the design of new experiments to further explore the properties of this relatively unknown species. In addition to enriching our knowledge of 5f element chemistry, the hexavalent state of americium may have practical utility toward nuclear fuel recycle separations. Metal ion charge density has always been the basis for separating U, Np, and Pu from the fission products since ligand-specific actinide complexation strength follows An(IV) > An(VI) ≥ An(III) > An(V). 8 For example, oxidation state adjustments are currently used to minimize or maximize the extraction of plutonium in the PUREX (Plutonium Uranium Reduction EXtraction) separations schemes used worldwide. [9] [10] [11] [12] Recent studies have demonstrated 5f element group co-extraction of U(VI), Pu(VI), Np(VI), and Am(VI) using numerous extractants. [13] [14] [15] These studies demonstrate a simplified pathway to separate americium from the trivalent lanthanides and curium; widely regarded as one of the most challenging separations in radiochemistry. The first accounts of americium oxidation were reported by Asprey, Stephanou and Penneman in 1951. 16, 17 In these studies Am(III) was completely oxidized to Am(VI) using ammonium peroxydisufate in nitric or perchloric acids. Shortly after, Werner and Perlman isolated Am(V) from carbonate media using the oxidant sodium hypochlorite at high pH. 18 These initial reports were qualitative in nature, describing the UV-vis absorbance peaks of the Am(V) and Am(VI) species and the linear reduction of Am(VI) to Am(V) over time. These early reports also suggested the Am(V) and Am(VI) species were analogous to other high valent actinide elements (e.g., U, Np, and Pu) and present as actinyl ions in solution. A number of studies were conducted in the following decade to characterize the newly discovered higher valent americium species and to isolate the unobserved, but proposed Am(IV) species, eventually yielding what are now accepted as the formal reduction potentials for Am 0 → Am(III) → Am(IV) → Am(V) → Am(VI) to be +2.07 V, -2.62 V, -0.84 V, -1.60 V, respectively in 1.0 M perchloric acid. 7 The socalled autoreduction of Am(VI) was reported to occur via an autocatalytic mechanism where americium reacts with its own radiolysis products formed by α-decay. 16, 17, [19] [20] [21] [22] [23] [24] The varied experimental procedures and multiple aqueous media investigated previously have resulted in the report of inconsistent reduction mechanisms and rate constants. Given this group's interest in the chemistry of Am(VI) its autoreduction kinetics have been re-investigated. The oxidation experiments were conducted in aqueous nitric acid using 243 Am. Nitric acid is itself redox active under radiolysis. Therefore, the measured Am(VI) reduction kinetics were compared to modeled Am(VI) reduction kinetics, using multi-scale modeling techniques that have previously been applied to understanding the radiolytic reduction of Np(VI) in nitric acid. from stock on-hand at Idaho National Laboratory were dissolved in 3.5 mL of 0.5 M HNO 3 in a radiological glovebox to produce stock solutions of ≈2.85 mg/mL. Aliquots of the stocks were diluted with standardized HNO 3 (≥99.999% trace metal basis, Sigma Aldrich) and 18 MΩ deionized H 2 O to produce a series of working solutions with concentrations of 1.0, 2.0, or 4.0 mM americium in 1.0 , 3.0, or 6.5 M HNO 3 . The solutions were assayed by alpha spectroscopy and determined to be 0.98 mM ± 4.9 %, 1.95 mM ± 2.9%, and 4.01 mM ± 3.3 % for the nominal 1.0, 2.0, and 4.0 mM solutions.
Americium(III) Oxidation
Procedure. The oxidant sodium bismuthate (NaBiO 3 , 93% ACS Grade) was purchased from Chemsavers. Oxidation of Am(III) was achieved by combining 1.5 mL of an Am(III) stock solution and 60 mg mL -1 of the solid NaBiO 3 . Americium solutions of 6.5 M HNO 3 required 2 h of vigorous shaking, americium solutions of 1.0 M and 3.0 M HNO 3 required 24 h of vigorous shaking to yield ≈80-85% Am(VI), with smaller amounts of Am(V) and residual Am(III). After shaking, the heterogeneous Am/NaBiO 3 mixture was transferred to a 10 mL syringe with a glass Pasteur pipette and the undissolved NaBiO 3 filtered off using a 25 mm syringe disk filter with a 0.2 µm PTFE membrane (PALL Life Sciences, VWR 2.3. Data Collection and Interpretation. The americium oxidation states were monitored by UV-vis absorption spectroscopy. Data were collected using an Agilent Cary-6000i UV-vis-NIR spectrophotometer at ambient temperature (20 ± 1 °C) in a 10 mm cuvette. A typical scan range was 1050-450 nm (0.5 nm interval, 2.0 SBW) to include the 996, 718, and 503 nm peaks that correspond to Am(VI), Am(V), and Am(III) respectively. Americium absorption data were baseline corrected and converted to concentrations using the known extinction coefficients for Am(III), and extinction coefficient values determined by sensitivity analysis for Am(V) and Am(VI) (see discussion in the text) using the Beer-Lambert law.
2.4. Multi-Scale Modeling. A combination of stochastic 27-29 and deterministic methods have been used to model the complex behavior of the aforementioned americium-nitric acid systems. This approach has been successfully used to evaluate the gamma radiolysis of aqueous nitrate, 30 nitric acid, 31 and neptunium-nitric acid systems. 25, 26 The chemical reaction set used in these calculations incorporated supplementary americium reactions given in Supporting Information, Table 1 .
RESULTS AND DISCUSSION
3.1. UV-vis Absorption Spectroscopy. The UV-vis absorption spectrum of a mixed Am(III), Am(V) and Am(VI) solution containing 2.0 mM total americium in 3.0 M HNO 3 is shown in Figure 1 . A series of these spectra were collected over a 24 hour period, and the decrease in Am(VI) at 666 and 996 nm, the increase in Am(V) at 513 and 718 nm, and the stable to slightly increasing absorbance of Am(III) at 503 and 810 nm are shown. 
Respective Molar Extinction
Coefficients for the Americium Species. All three americium oxidation states (III, V, and VI) were observed at their absorbance maxima of 503 (Am(III)), 718 (Am(V)), and 996 nm (Am(VI)). The molar extinction coefficients of penta-and hexavalent americium are not well characterized, especially for the HNO 3 concentrations investigated in this work. For Am(III), the extinction coefficient for the 503 nm peak was extrapolated from the values provided over the range 0.1-5.9 M HNO 3 reported by Zalupski et al. 32 Literature values for Am(V), ε 718 , vary from 59. Figure 2 shows the baseline corrected spectra and the corresponding Am(VI) kinetic plots for 2.0 mM total americium in 3.0 M HNO 3 . For this and all experiments the first one hour of data collection was truncated, because it did not always observe linearity. This was also observed by Hall 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Analogous data were collected over a range of 1.0-6.5 M HNO 3 , with 1.0-4.0 mM total americium concentrations. The resulting rate constants are shown in Table 2 . The corresponding plots and the associated rates of Am(VI) reduction and Am(V) growth are given in Supporting  Information, Figures 1-6 . For each experiment the rates for Am(VI) reduction and Am(V) growth agree as was shown above in Figure 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The rate of Am(VI) reduction increases with total americium concentration, as shown for the 3.0 M HNO 3 experiments in Figure 3, (panel A) , where the rate of reduction of Am(VI) approximately doubles for each factor of two increase in total americium concentration. This is consistent with the reduction being due to the reaction of hexavalent americium with total americium α-radiolysis products. Analogous data were obtained for 6.5 M HNO 3 , and are shown in Supporting Information, Figure 7 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The data in (Figure 3, panel B) show the rate of Am(VI) autoreduction varies with nitric acid concentration for a given total americium concentration. The highest rates are observed in 3.0 M HNO 3 , with lower values in 1.0 M and 6.5 M HNO 3 (Table 3) . These results are not expected since the highest radiolytic production of HNO 2 is at the highest nitric acid concentration. 25, 26 This may indicate competition for reaction with Am(VI) by the products of both water and HNO 3 radiolysis, with the intermediate acid concentration being the matrix in which the highest concentrations of both types of reactive species occurs. This is discussed in more detail later. For comparison, Table 2 also contains kinetic data for the reduction of Am(VI) when oxidized using the alternative oxidant copper(III) periodate (see Supporting Information, Figure  8 ). 35 The autoreduction rate constant reported for Cu(III)-oxidized Am(VI) is 0.0073 ± 0.0004 h Table 2 ). This also confirms that any residual bismuthate does not interfere with the autoreduction process being measured, at least after the initial 1 hour when data collection was initiated.
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The rate constants given in Table 2 are difficult to compare to previous work given the disparities in the matrix, and the isotope of americium used. For example, Hall In an experiment to simulate solvent extraction conditions similar to the fuel cycle, an equal volume of dodecane was layered over the aqueous phase during the 24 hour UV-vis data collection. Data for the reduction of Am(VI) in 4.0 mM / 6.5 M HNO 3 in constant contact with dodecane is shown in Figure 4 , with the rate constants also summarized in Table 2 . The rate constant for the growth of Am(V) was 0.0056 ± 0.0004 h −1 ; the same as found for this acid concentration in the absence of dodecane (average 0.0054 ± 0.0003 h −1 in Table 2 ), suggesting the rate of Am(VI) autoreduction was unchanged. However, the two-electron reduction is apparently no longer insignificant with a rate constant for Am(III) production of 0.0053 ± 0.0004 h −1 . Trivalent americium is produced by the instantaneous reduction of the Am(IV) ((E red = 2.6 V vs. SCE) 7 produced by the two-electron reduction of hexavalent americium. The combination of these two pathways in the presence of the dodecane explain the higher Am(VI) reduction rate constant with its value of 0.0128 ± 0.0007 h -1 . Similar data to those collected here in the presence of dodecane were reported by Dares et al. 37 for the reduction of Am(VI) in 0.1 M HNO 3 solution where the high valent americium was prepared by electrochemical oxidation using surface functionalized electrodes. These electrodes contained organic complexing agents. The mechanism they proposed also included concurrent one electron and two electron Am(VI) reduction pathways. In that report americium speciation remained static after all Am(VI) was reduced, indicating that Am(V) is not as prone to auto-reduction, consistent with the fact Am(V) is a weak oxidant (E red = 0.84 V vs. SCE). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, the α-radiolysis of nitric acid yields comparable amounts of HNO 2 , which was shown to be an important reducing species in the neptunium-nitric acid system. 25, 26 The significance of HNO 2 formation is that it is also a predominant Am(VI) reducing species and that it reacts with H 2 O 2 (Equation 3). 33 Thus the equilibrium between these radiolytically-produced species determines the final concentration of species available to reduce Am(VI). 
The data show the rate constants for Am(VI) autoreduction vary as a function of HNO 3 concentration (Figure 3 and SI Figure 7) . The highest rate constant is found in 3.0 M HNO 3 , with lower values in 1.0 and 6.5 M HNO 3 . To begin to understand the observed kinetic trend with solution acidity the changes in both radiation track chemistry and bulk homogeneous chemistry must be fully considered. 
These reduced NO 3 − intermediates are precursors that will form HNO 2 , and thus their radiolytic yields in conjunction with those for H 2 O 2 from water radiolysis (Equation 4) and HNO 2 from direct effect formation (HNO 3 ⇝ HNO 2 + O) are an approximation of the reducing capability of the medium with respect to Am(VI). Table 3 gives the radiation track yields used by the multiscale modeling approach 29 for a 5.4 MeV α-particle as a function of HNO 3 concentration. The yields of Am(VI) reducing species show a significant increase with increasing HNO 3 concentration, which is to be expected from scavenging capacity and energy deposition partitioning arguments. Based on changes in track chemistry alone, it would be expected for Am(VI) to be progressively less stable with increasing HNO 3 concentration due to the higher reducing capability. However, this was not observed, and indicates the trend exhibited by the empirical Am(VI) autoreduction rate coefficients are predominantly a product of bulk homogeneous chemistry. 3.5. Bulk Homogeneous Chemistry. The concentration of radiolytically produced HNO 2 increases with HNO 3 concentration, which is evident from the radiolytic yields given in Table 3 . This leads to increased competition for HNO 2 between Am(VI) and H 2 O 2 . The accumulated product concentrations for the reaction of HNO 2 and H 2 O 2 as a function of nitric acid concentration are shown in Figure 6 which demonstrates this reaction is least efficient at 3.0 M HNO 3 . Consequently, in 3.0 M HNO 3 more HNO 2 is available for reaction with Am(VI) than at 1.0 M or 6.5 M HNO 3 . As such, this modeling demonstrates the autoreduction of hexavalent americium in nitric acid solutions is a consequence of the reactions of HNO 2 , and to lesser extent H 2 O 2 .
CONCLUSIONS
The rate of hexavalent americium autoreduction has been measured across a range of nitric acid concentrations. These rates are reported for Am(VI) autoreduction using 243 Am in a nitric acid solution free of any potential trace reductants. The reduction follows zero-order kinetics with respect to [Am(VI)] but first-order kinetics with respect to total americium concentration, due to reaction with the radiolysis products of americium decay. The empirical first-order rate constants are given, and compared to the limited previous work using 241 Am.
Multi-scale radiation chemical modeling including the α-radiolysis yields for HNO 2 and H 2 O 2 in irradiated aqueous nitric acid agreed with the empirically modeled rate of autoreduction at various acid concentrations, strongly suggesting the proposed radiolytic mechanism. Americium speciation in these experiments was observed by UV-vis spectroscopy, necessitating the determination of the unknown molar extinction coefficients for the Am(V) 718 nm, and Am(VI) 996 nm peaks. These were obtained by iteration from initial reasonable values to obtain total americium mass balance with the known total americium concentrations. The new extinction coefficients reported here are within a general uncertainty less than ± 4% for 6.5 M HNO 3 , and ± 10% for the 3.0 M HNO 3 conditions. Multiscale modelling demonstrated that HNO 2 is the predominant reducing species under self-radiolysis conditions, as H 2 O 2 possesses a lower radiolytic yield and also reacts with HNO 2 . Furthermore, the trends exhibited by the empirical Am(VI) autoreduction rate constants are a consequence of bulk homogenous effects affecting the available proportions of HNO 2 and H 2 O 2 such that Am(VI) is least stable in 3.0 M HNO 3 , relative to 1.0 M and 6.5 M HNO 3 . Understanding the autoreduction of Am(VI) in HNO 3 solutions yields significant insight into the effects of α-radiolysis on potential americyl reprocessing flowsheets. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For SYNOPSIS: Trivalent americium is oxidized to the hexavalent state using sodium bismuthate and copperIII periodate. Higher valent state americium is reduced to the pentavalent state and eventually back to the trivalent state through an autoreduction process induced by alpha particle radiolysis of the nitric acid system. Empirical rate constants were determined for the autoreduction processes and multi-scale modeling was used to validate the empirical results providing a deeper understanding radiation chemistry in the nitric acid systems. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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